Endometriosis is a common gynecological disease with high prevalence, while its etiology and pathophysiology have remained to be fully elucidated. Previous evidence suggested that this disorder may be in part or completely of somatic origin. However, traditional endometrial samples may not be ideal for investigation, as target cells, including epithelial and stromal cells, in endometriotic lesions are too sparse to be analyzed. Recently, capture microdissection techniques have been used to overcome these limitations and eliminate tissue heterogeneity in endometriosis research. Therefore, the present review summarized the alterations in epithelial and stromal cells in endometriosis tissues isolated through capture microdissection, outlined recent progress and provided directions for future investigation of the pathogenesis of endometriosis.
Introduction
Endometriosis is a chronic and inflammatory disorder caused by the presence of endometrial tissues, including endometrial glandular and stromal cells, outside the uterine cavity. As one of the most common gynecological diseases, it affects 6-10% of women of reproductive age (1) . As the time from the onset of symptoms to diagnosis of the disease is 6-12 years, patients with endometriosis receive delayed treatment (2) . Despite its high prevalence, the etiology and pathophysiology have remained to be fully elucidated.
The pathogenesis of endometriosis is generally explained using Sampson's retrograde menstruation theory. This theory suggests that endometrial cells are implanted into the peritoneum or pelvic organs through reflux via fallopian tubes during menstruation and is supported by several lines of evidence. Epidemiological studies showed that a long menstrual duration (menstrual flow at least 6 days per month) and short menstruation periods (less than 27 days) are risk factors for endometriosis (3) . Mullerian anomalies, hematocolpos and hematometra also increase the likelihood of endometriosis (4) . In baboons, intrapelvic injection of menstrual endometrium has been shown to cause peritoneal endometriosis (5) . In addition, transtubal passage of endometrial cells into the peritoneal cavity was found to occur after uterine lavage and hysteroscopy (6) . However, while the prevalence of retrograde menstruation has been observed in 76-90% of reproductive age women by laparoscopy examination during menstruation (7) (8) (9) , endometriosis only develops in 6-10% (1) .
The occurrence of endometriosis in only a small proportion of women who had retrograde menstruation may be due to unique characteristics of their endometrial fragments, which have a key role in the pathogenesis of this disease. Thus far, intrinsic differences have been detected among ectopic and eutopic endometrium in endometriosis, and normal endometrium in controls (10) . However, endometrial samples used in numerous studies may not be ideal (11) , biopsy samples showing the 'typical' macroscopic appearance of endometriotic lesions cannot be confirmed under the microscope, and areas that appear 'normal' may turn out to be endometriotic at the microscopic level (12) . Moreover, endometriotic glands may be too sparse to analyze even in tissues with consistent macroscopic and microscopic findings (13) ; hence, it is difficult to detect distinct genetic alterations, and failure to capture the target tissue may lead to unreliable
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results. In addition, although cell culture approaches are suitable for homogeneous cells, isolation of the cells from their natural tissue habitat and culture under artificial conditions represent confounding factors (14) . To overcome these limitations and eliminate tissue heterogeneity in endometriosis research, capture microdissection techniques, including manual capture microdissection (MCM) and laser capture microdissection (LCM) are used. Capture microdissection provides accurate and reliable acquisition of target cells from specific microscopic regions, minimizes the possibility of contamination and allows for molecular genetic analysis of pure populations of epithelial and stromal cells in ectopic or eutopic endometrium.
This review summarizes recent advances in endometriosis research using capture microdissection approaches and discusses how these techniques can be improved and utilized in future studies.
Recent progress in endometriosis research using capture microdissection techniques
Clonality analysis. Clonality analysis is used to study the development of tumors and malignancies and identify their neoplastic characteristics (15) . Monoclonality is an important feature of cancer cells. Previous studies reported that epithelial cells in endometrial cysts show monoclonal expansion; however, sampling methods involving scraping or peeling of the inner lining wall of ovarian cysts are relatively harsh (16) . Recent studies using MCM or LCM concluded that ectopic epithelial cells are monoclonal in 82-100% of informative samples (17) (18) (19) (20) (21) (Table I) . By contrast, Mayr et al (22) found that only two out of 32 samples (6.3%) were monoclonal (Table I) . Thus, no definitive evidence is available to classify endometriosis as a pre-malignant condition. Although clonality analysis in endometriosis has progressed, it has certain limitations. Paraffin-embedded specimens and human androgen receptor gene assay (HUMARA)-based assays are associated with potential damage or contamination of DNA, resulting in amplification bias, which can affect the accuracy and reproducibility of the results (22) . In addition, several studies indicated that although each endometriotic focus has a monoclonal origin, different foci may have independent origins (19) . Thus, 'clonal patches' may exist in terms of neighboring foci within a scope exhibiting the same monoclonality. Future clonal analyses should consider these phenomena and the possibility that stromal cells may have different clonal origins from epithelial cells.
Additionally, it is worth mentioning that whether genomic alterations occur in the functional and/or basal layer of the endometrium prior to menstrual reflux remains ambiguous. The functional layer of the endometrium can regenerate at each menstrual cycle and can thus easily disrupt the genomic integrity of the endometrium. However, increasingly sophisticated clonality analysis has been associated with the proposal of the 'stem cell theory of endometriosis'. Based on the regenerative physiological characteristics of endometrium, it has been suggested that endometrial stem cells may be derived from the basal layer of the uterus (23) . Future studies on the etiology of endometriosis should focus on functional as well as basal layers of endometria.
Loss of heterozygosity (LOH) analysis. LOH refers to a gross chromosomal event that leads to loss of the entire gene and the surrounding chromosomal region (24) . This event is often regarded as a mechanism for disabling tumor suppressor genes (TSGs) during the process of oncogenesis (25) . However, numerous individuals with such a loss remain healthy, as they retain one functional gene on the other paired chromosome. Although LOH has been extensively investigated in ovarian cancer, this phenomenon has been rarely studied and is inconsistent in solitary endometriosis (17, (26) (27) (28) (29) (30) (31) (32) (33) (Table II) . LOH at locus 10q23.3 is associated with phosphatase and tensin homolog (PTEN), which is one of the most studied TSGs (26, (30) (31) (32) (33) (34) . The PTEN gene encodes phosphatase, which inhibits apoptosis mediated by protein kinase B and participates in cellular signal transduction, leading to enhanced cell proliferation and survival. Sato et al (26) and Ali-Fehmi et al (31) detected LOH at 10q23.3 in 56.5 and 29% of endometriosis cases, respectively. In these studies, three specific loci on chromosome 10 were identified to exhibit the highest frequencies of LOH, leading to inactivation of the PTEN gene. Additionally, a previous genome-wide linkage study comprising 1,176 families conducted by Treloar et al (34) reported a region of significant linkage on chromosome 10q. Hence, alterations in PTEN are likely to result in endometriosis.
Furthermore, the locus associated with TP53 is among the most commonly investigated gene locations; However, thus far, TP53 mutations have only been found in endometriosis specimens coexisting with carcinoma but not in solitary endometriotic lesions (17, 28, 32, 33) . In addition, Saare et al (35) revealed three copy neutral LOH regions in eleven different individuals. However, comparison of DNA from endometriotic lesions with endometrial or blood DNA revealed no foci-specific regions. Goumenou et al (28) and Prowse et al (30) observed that the frequency of genetic changes in endometriotic lesions increased from mild-to severe-stage endometriosis, suggesting that LOH events may have an important role in the development of this disorder. However, Wang et al (33) found no significant difference in the frequency of LOH between minimal-mild and moderate-severe stages of endometriosis, suggesting that the detected changes are associated with the development as well as progression of endometriosis.
In summary, the highest LOH frequencies were detected on chromosome 10q23.3 and the second-highest on chromosome 9p21. Results on other LOH events were inconsistent among the studies included in the present review and therefore require clarification by additional investigations. Although these data cannot fully support the hypothesis that endometriosis is a true neoplasm, they may imply that downregulation of certain TSGs in endometriosis is one mechanisms of endometriosis pathogenesis and is therefore worthy of further in-depth study.
Somatic copy number alteration (SCNA) and single nucleotide variation (SNV) analyses. CNVs are thought to account for ~1% of the variation between two individuals and single nucleotide polymorphisms (SNPs) are thought to account for ~0.1% (36) . While some certain CNVs and SNPs are common in the normal population, others are associated with the pathogenesis of specific disorders. In recent days, SCNAs and SNVs have attracted increased attention in endometriosis studies. Table III summarizes the results of previous studies on SCNAs and SNVs (29, 34, (37) (38) (39) (40) (41) . In 1999, Gogusev et al (37) first used comparative genomic hybridization (CGH) to detect copy number alterations in 15 out of 18 manually dissected endometriotic tissues. In this study, genomic losses predominated in the majority of the samples. This finding was confirmed by follow-up studies, which showed that TSG inactivation is a critical event in endometriosis development (29, 40) . In subsequent studies, CGH was performed in the endometriosis-derived cell line FbEM-1 and in original endometriotic tissues; the results suggested that chromosomal instability is important in the endometriosis pathogenesis. Guo et al (29) found that in all of the five patients selected, genomic alterations were present, mainly in the eutopic and ectopic endometria. Wu et al (39) accurately and consistently classified tissue samples into peritoneal implants and ovarian cysts by using cluster analysis of the genomic profile. Classification of tissue samples into two groups suggested that different sub-types of endometriosis may exhibit distinct genomic alteration profiles. Shared alterations are likely to be responsible for increased propensity of endometrial debris to be implanted at ectopic sites and for early events leading to establishment of lesions. Silveira et al (40) detected common genomic alterations in two cellular components (stromal and epithelial cells), suggesting that stromal-epithelial cell interactions are essential in normal as well as in pathological endometrial tissues. Furthermore, the high frequency of common genetic alterations in the two cell components at different anatomical sites provides evidence for the clonal origin of endometriotic lesions. Saare et al (35) used SNP arrays for comparing genomic alterations in eutopic and ectopic endometria with those in DNA extracted from the blood of the same individual. The result showed no unique SCNAs in the group of patients with endometriosis. This finding is partially consistent with a subsequent study by our group (41) , in which a whole-exome sequencing was performed to search for somatic mutations in eutopic and ectopic endometria of patients with endometriosis and normal control patients. Although numerous distinct genes were mutated in eutopic and ectopic endometrial cells, no overlapping SNVs were identified between them.
To date, despite the various chromosomal alterations detected, few of these changes have been observed by more than one study. Of particular concern is that no specific de novo SCNAs or SSNVs are present in ectopic and ectopic endometria. One explanation is that certain molecular mechanisms such as epigenetic changes rather than SCNAs or SSNVs are most likely to contribute to the pathogenesis of endometriosis. The other explanation is that the previous studies did not provide sufficient information to confidently predict the full spectrum of mutations due to relatively limited sample sizes. Moreover, whether genomic alterations occur in the functional or basal layer of the endometrium remains ambiguous. Therefore, it remains impossible to draw any definite conclusions. Future studies with large sample size may identify de novo mutations in ectopic, eutopic and normal endometria (functional as well as basal layers) and simultaneously perform epigenomics investigations.
Transcriptome. At the transcript level, gene expression in ectopic and eutopic endometria from patients with endometriosis significantly differs from that in healthy women (42) . Twelve studies that used LCM identified endometriosis-related differentially expressed genes (DEGs) (43) (44) (45) (46) (47) (48) (49) (50) (51) (52) (53) (54) . According to their biological functions, positive DEGs can be assigned to the following categories: Proliferation and apoptosis, pain pathway, hormones and steroids, adhesion and implantation, and DNA methylation, with parts of the gene functions overlapping (Table IV) .
Matsuzaki et al (43, 45, 47) applied a DNA microarray method in a series of studies on endometriosis. Comparison between samples of ectopic and eutopic endometria from patients revealed several DEGs in epithelial and stromal cells. The results indicated the involvement of the RAS/RAF/mitogen-activated protein kinase and phosphoinositide-3-kinase signaling pathways in the pathophysiology of deep infiltrating endometriosis (DIE) and ovarian endometriosis (OE). Although OE shared certain molecules with DIE, the expression patterns of genes involved in hormone regulation differed between these two types.
Microarray data revealed that three candidate genes, namely tyrosine kinase receptor B (TrKB), μ-opioid receptor (MOR) and serotonin transporter, are potentially involved in pain pathways of endometriosis (43) . All of the three genes were upregulated in DIE compared with the matched eutopic endometrium. The roles of TrKB and MOR were validated in a subsequent study on patients treated with Sample type gonadotropin-releasing hormone agonist and progestin as cases and untreated patients as controls (50) . The two aromatase expression regulators chicken ovalbumin upstream promoter transcription factor 2 (COUP-TF2) and prostaglandin E2 receptor subtype EP3 (PGE2EP3) were evaluated by microarray analyses (43, 47) . Downregulation of PGE2EP3 was detected in endometriosis epithelial cells from patients with OE and DIE, which may have increased the local production of estrogen in these cells. Of note, the expression of COUP-TF2 was found to differ between OE and DIE. In contrast to the result for DIE, the expression of COUP-TF2 was detected to be significantly higher in OE than in matched eutopic endometrium. A subsequent study on estrogen metabolism revealed that the mRNA expression of aromatase was significantly higher in epithelial cells than that in stromal cells of eutopic and ectopic endometria obtained from patients with endometriosis (43) . Moreover, in epithelial cells from eutopic endometrial and ectopic endometriotic samples, the mRNA expression levels of 17-β-hydroxysteroid dehydrogenase type 2 during the early, middle and late secretory phases were significantly increased compared with those in the late proliferative phase, while no significant cyclical differences were detected in eutopic endometrium (46) . These findings suggested that in epithelial cells in the ectopic endometrium, the local estrogen concentration may be higher than that in stromal cells, irrespective of the menstrual cycle phase.
Considering molecular defects in the endometrium involved in implantation and endometriosis-associated infertility, Matsuzaki et al (52) investigated the different expression patterns of homeobox A10 (HOXA10) between patients with endometriosis and fertile controls. The results showed that the mRNA and protein expression levels of HOXA10 in endometrial stromal cells were significantly lower in infertile patients with endometriosis than those in fertile controls. In another study, Matsuzaki et al (53) analyzed two further implantation-associated factors, namely E-cadherin and β-catenin. The levels of these two proteins were significantly higher in the mid-secretory endometrium of infertile patients with endometriosis compared with those in healthy fertile controls. This finding indicated that altered expression of HOXA-10 in endometrial stromal cells and impaired downregulation of E-cadherin and β-catenin proteins in epithelial cells are potential molecular mechanisms associated with infertility in patients with endometriosis. Matrix metalloproteinase-7 (MMP-7), a member of the MMP family, cleaves extracellular matrix components in normal physiological and pathological processes. A study revealed that the expression levels of MMP-7 in DIE were significantly higher than those in ovarian and superficial peritoneal types (54) . Thus, the MMP-7 gene appears to significantly vary among different types of endometriosis and represents a useful marker for discriminating between them.
Three DNA methyltransferases (DNMT), namely DNMT1, DNMT3A and DNMT3B, cooperatively maintain DNA methylation and are overexpressed in ectopic endometrium compared with that in normal control subjects or eutopic endometrium from women with endometriosis (51) . Hence, the pathology of endometriosis may be epigenetic.
While the scope of gene function research is broad, only 28 DEGs have been identified in endometriosis research using Table II . Continued. microdissection techniques. Research has not only focused on elucidating the underlying molecular mechanisms of endometriosis but also on its clinical symptoms, such as pain and infertility. Analysis of specific molecular markers is one potential option for non-invasive diagnosis of endometriosis, which may also be utilized as molecular targets for its selective and efficient treatment and prevention.
Sample type
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Current problems and future directions
Several lines of evidence have indicated that genomic alterations in the endometrium are essential for the development of endometriosis. However, the precise molecular mechanisms underlying the pathogenesis of endometriosis remain elusive. Based on the current progress in endometriosis research, two interesting topics are discussed here. Clear interpretation of these issues can provide experiences to other investigators and anticipate future directions in endometriosis research.
Hypothesis-based versus hypothesis-free research. Studies of endometriosis-associated genes are classified into hypothesis-based and hypothesis-free approaches (55) . Hypothesis-based candidate gene studies rely on previous hypotheses or knowledge of the disease. For this, several genes are selected based on their inferred biological functions. This approach remains commonplace due to limited funds and the large number of genes available. The majority of the studies on LOH and DEGs included in the present review are hypothesis-based studies. However, the current knowledge of the biological mechanisms of endometriosis is very basic, and the value of hypothesis-based studies is therefore limited. It may thus be inferred that hypothesis-based studies are only suitable for verifying the outcomes of hypothesis-free approaches using large samples of cases and controls. Hypothesis-free studies search the entire genome to identify disease-predisposing genes without prior knowledge of their functional relevance and are thus suitable for identifying genes linked to endometriosis.
In the present review, three important methods, namely CGH, SNP array and whole exome sequencing (WES), which were used in previous studies to detect alterations associated with endometriosis without prior knowledge of specific regions of interest, were compared. The use of the traditional CGH method has detected numerous cryptic gains and/or losses of chromosomal regions in endometriosis samples. However, the application of CGH has been hampered by limited resolution and low throughput. The SNP array and WES can offer accurate and high-throughput detection. However, in studies by Saare et al (35) and Li et al (41) , de novo somatic mutation was not identified in endometriosis after excluding germ-line mutations. In spite of this, effective and precise hypothesis-free technology for 'omics' sequencing, such as single-cell RNA sequencing and whole-genome sequencing, may be used to elucidate the pathogenesis of endometriosis, determine useful biomarkers and develop potential target therapies.
Applications of capture microdissection techniques in endometriosis. The capture microdissection technology was first described in the early 20th century and has been progressively optimized in recent years. During MCM, defined cell populations are manually cut out from tissue sections under the microscope. Although this method is feasible for isolation of specific cells, it proved to be inefficient and time consuming (56) . LCM was then broadly used in a wide variety of applications. Typical endometriotic lesions contain variable amounts of surrounding tissue in addition to endometrial glands and stromal cells. Therefore, the LCM approach, which allows for separation of a population of purified endometriotic cells, may aid in revealing the true alterations characteristic of endometriosis. Despite the obvious advantages, LCM has certain limitations worth mentioning. First, the products extracted after LCM for downstream experiments may be imperfect. For example, DNA extracted after LCM is usually fragmented, which may lead to certain low-confidence changes in array analysis (57) . Furthermore, the amount of DNA yielded by LCM is insufficient for high-throughput genetic analyses. Therefore, whole-genome amplification (WGA) is necessary for downstream experiments. However, amplification artifacts generated by WGA can create false deletions and duplications and distort the initial template (58) . Furthermore, the small amount of DNA/RNA obtained by LCM is prone to degradation during storage or processing. Second, the tissue section remains uncovered during microdissection. Without a cover slip, certain cellular details may be obscured at high magnifications, thus creating difficulties in the capture of particular cells (59) . Third, certain dyes, including eosin, may interfere with proteomic tools such as two-dimensional polyacrylamide gel electrophoresis (60) . Finally, certain target cells may be contaminated by the fragments of adjacent cells due to the restriction of laser spot size. In 2009, Matsuzaki et al (61) provided methods for obtaining RNA after LCM for endometirosis research, comprising a detailed introduction to the process of frozen sample preparation, staining, cutting, RNA extraction and quality assessment. Following these instructions, high-quality RNA was successfully extracted by our group for next generation sequencing (data not published) and the following experience in using LCM in endometriotic lesion was gained: i) Use of frozen tissue is recommended for obtaining DNA and RNA with high integrity, as isolation from formalin-fixed, paraffin-embedded tissue blocks may cause degradation, leading to non-uniformity in sample labeling with fluorescent nucleotides; ii) eosin staining is not necessary for identifying gland and stromal cells during LCM; iii) xylene used for dehydration may be replaced by 100% ethanol, particularly when using Leica membrane Frameslides; and iv) storage of laser-dissected cells at -80˚C for more than one a week is not recommended, as the extent of RNA degradation proportionally increases with the storage time. Overall, easy mastering, rapid collection and accurate capture of target cells make LCM an ideal tool for future research on endometriosis.
Conclusions
In the present review, advances in endometriosis research using capture microdissection techniques were presented. Evidence from 32 studies revealed various somatic alterations in ectopic and eutopic endometrosis tissues. These results enhance the current understanding of the pathogenesis of endometriosis and provide putative biomarkers as well as therapeutic targets.
With the rapid advancement of detection technologies, future studies should take into account the use of the hypothesis-free method combined with microdissection techniques for precise analysis. For example, single-cell high-throughput sequencing combined with LCM can be used not only in genomics but also in transcriptomics and proteomics studies. Furthermore, hypothesis-based studies with an appropriate design and large sample size must be performed to confirm preliminary data from hypothesis-free studies. With the application of capture microdissection, great advances in the elucidation of the pathogenesis of endometriosis are expected in the near future.
